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Abstract

At one end of the 70 kb aflatoxin biosynthetic pathway gene cluster in Aspergillus parasiticus and Aspergillus flavus reported earlier, we
have cloned a group of four genes that constitute a well-defined gene cluster related to sugar utilization in A. parasiticus: (1) sugR, (2) hxtA,
(3) glcA and (4) nadA. No similar well-defined sugar gene cluster has been reported so far in any other related Aspergillus species such as A.
flavus, A. nidulans, A. sojae, A. niger, A. oryzae and A. fumigatus. The expression of the hxtA4 gene, encoding a hexose transporter protein,
was found to be concurrent with the aflatoxin pathway cluster genes, in aflatoxin-conducive medium. This is significant since a close linkage
between the two gene clusters could potentially explain the induction of aflatoxin biosynthesis by simple sugars such as glucose or

sucrose. © 2000 Published by Elsevier Science B.V.
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Contamination of agricultural commodities with afla-
toxins are of serious health and economic concerns world-
wide [1]. The discovery of the aflatoxin pathway gene clus-
ter led to a rapid identification and cloning of almost all
the genes involved in aflatoxin biosynthesis [2-4] including
the positive pathway regulator, af/R. It is known that car-
bon source plays a vital role in the regulation of aflatoxin
production [5-7]. Aspergillus parasiticus mycelia grown in
the medium containing the simple sugars such as glucose,
sucrose, maltose and galactose support aflatoxin produc-
tion, while lipids and starch do not support aflatoxin pro-
duction. Some peptides such as peptone even inhibit afla-
toxin production by either directly or indirectly affecting
aflatoxin pathway gene transcription [3,5,8,9]. In Saccha-
romyces cerevisiae, over a dozen high- and low-affinity
hexose transporter genes have been identified [10-13].
The CASUC! (accession number S75352) gene in Candida
albicans was identified to affect sucrose utilization and o-
glucosidase activity [14]. CASUCI gene encodes a zinc-
finger containing protein with 28% identity to that of the
maltose regulatory gene (MALG63, accession number
M36537) of S. cerevisiae. Recently, a cluster of three mal-
tose utilization genes, MAL23 (accession number
AF002704), MAL43 (accession number MS81157),
MALG63 [15], was identified and may be involved in mal-
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tose uptake. In the non-aflatoxigenic strain A. oryzae, a
cluster of two genes, agdA (accession number D45179),
encoding an a-glucosidase, and amyR (GenBank accession
number AB012945), encoding the agdA transcription acti-
vator, has been cloned, while its position relative to the
aflatoxin pathway genes is unclear. However, no sugar
utilization-related gene cluster has ever been identified
from the aflatoxigenic fungal strains A4. parasiticus and
A. flavus even though sugars have a marked effect on toxin
synthesis. We report here the identification and cloning of
a well-defined cluster of four genes which share homolo-
gies with some of the above mentioned sugar utilization
genes.

Identification and organization of the sugar utilization
gene cluster in the A. parasiticus genome. Following the
cloning of the 70 kb aflatoxin pathway gene cluster [2],
we identified the genes cypX and moxY (Fig. 1, GenBank
accession number AF169016) to be the end of the aflatox-
in pathway gene cluster in one orientation [16]. Following
a 5 kb non-coding region (with no identified open reading
frame, ORF) downstream of the moxY gene, four new
transcripts have been identified from aflatoxigenic 4. para-
siticus wild-type strain SRRC 143 (ATCC 56775) (Fig. 1).
On the other boundary of these four genes, a 4 kb DNA
sequence was identified with no ORF. These four genes
are linked together to form a sugar utilization gene cluster
in A. parasiticus: (a) nadA gene which has homology to
genes encoding a NADH oxidase; (b) hxt4 gene which
has homology to genes encoding a hexose transporter pro-
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Fig. 1. Schematic presentation of sugar utilization gene cluster in A. parasiticus SRRC 143. Arrows show the genes and their directions of transcription.
The moxY gene shown on the scheme is at one end of the 23 aflatoxin pathway cluster genes. The distances between the two gene clusters and between

individual genes in kb are also shown.

tein; (c) glcA gene which has homology to genes encoding
a-1,4- or o-1,6-glucosidases; (d) sugR gene which has ho-
mology to Cys-6-type transcription factor genes encoding
sugar utilization regulatory proteins. The genomic DNA
and cDNA sequences of these genes have been determined
(GenBank accession number AF168613) and the putative
functions of these four genes have been proposed based on
sequence homology. The unique location of the two clus-
ters in the fungal genome makes it relevant to study the
relationship of regulation of sugar utilization and its effect
on the regulation of aflatoxin formation. It could be a step
towards understanding the complex regulation of aflatoxin
biosynthesis, which is dependent on several factors such as
carbon source, nitrogen source, temperature and pH
[7,17].

The hxtA gene encodes a hexose transporter protein for
hexose uptake. The hxtA gene coding sequence consists of
1542 nucleotides capable of encoding 513 amino acids
with a protein calculated molecular mass of 56 kDa
(Fig. 2). There are two intervening sequences of 102 bp
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and 57 bp, respectively (Fig. 2). Sequence comparison re-
sults showed that the hxtA gene product has significant
overall sequence homologies (25-30% identity and 45—
50% positive) to over a dozen yeast hexose transport pro-
teins [12,18] including both high- and low-affinity glucose
transporters. Several GC boxes were identified in the pro-
moter region of the hxtA gene. The GC boxes may be the
target binding sites by a negative regulator such as Migl
in the yeast system to repress the transcription of hexose
transporters [13].

The hydropathy plot of A. parasiticus hxtA gene prod-
uct demonstrated that the amino acid sequence shows a
high degree of hydrophobicity and contains 12 putative
membrane spanning segments (Fig. 2), which is consistent
with all other hexose transporter proteins discovered so far
[13]. The transmembrane protein could presumably regu-
late the transport of sugar molecules across a membrane.
In A. parasiticus, there may exist several hexose transport
genes, other than /xtA, that produce functionally similar
hexose transporters for various functions in the cell requir-
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G Y D GG A L MNGULULTTULU®PMTCETFU?PIL S S C P HUL W
0301 gagggtctgatcatttctggtatttcgctgggagGAATGTTCACCTTTATTCCAGCTTCGTACTTCGCGGATTACTTCGGCCGCAAGATGTCTGTCGCACTTGGATCGGCCATCATGATTGTCGCGAGCGTTATCCAAGCGGCAACCGTC
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1651 GAGAGGGAGGTAAAGGCTCCTATGAAGGAGGAGTTGGAACACGCTCCGTAGGTGTTATGTGTACACCTGAATGGCTATACAGTTAGTTACTATTAAGCCCTAAATCTGARATAGGAGCGTTATACTACTTTCAGTTATTCGCGGTCACTT
E R EV KAUPMEKETETLTEHA AP *
1801 ATCAAAAAATACACCGACCATATCCAACACTTCAGCACGGGAATATTCAAGAATCACCTACATAATCGATTAATTCCTATTTCTTTCTTGARAGGTTCACACTTCGGCTGCACTCCCGCGARAATAAGAACTTCTTAGCGGAGTAAGGTA
1951 TTTGGGGTACTTCCTAGCGCTAAAATGAGAGGATGTCATGCATATGCTACGTCGAGATGATTATTGCCGTGCACCAGAGATCGGTACCCCTGCACGAACAGTAACAGTATACCATGAAGGCTA <- nadA gene stop codon

Fig. 2. The genomic DNA sequences and deduced amino acid sequences of sxz4. The numbers refer to nucleotides beginning from translation initiation
codon ATG. The translation start codon (ATG) and the translation termination codon are printed in bold face letters. The intron sequences are de-
noted by lower case letters. The deduced amino acid sequence is presented under each corresponding codon and the translation termination is labeled
by a star (¥). In the promoter region, the putative GC boxes (CCGGGG or GGCCCC) for Migl repressor binding [13] in yeast, a putative CAAT
box, and the putative transmembrane segments are underlined. The GenBank accession number of the four sugar utilization genes, sugR, hxtA, glcA
and nadA, including the 4 kb non-coding region from A. parasiticus is AF168613, and that of the DNA sequence of the 5 kb spacer region between the
aflatoxin pathway and sugar utilization gene clusters including the last aflatoxin pathway gene moxY (Fig. 1) is AF169016.
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Fig. 3. Transcript detection of the hxtA4 gene by RT-PCR in A. parasiti-
cus. RT-PCR was performed to detect mRNAs from GMS and PMS
media in A4. parasiticus for hxtA (A), omtA (B) and nmtl (C). Aflatoxi-
genic fungal strain A. parasiticus SRRC 143 was grown in PMS (non-
aflatoxin-conducive) medium for 48 h and shifted to GMS (aflatoxin-
conducive) medium at 30°C with constant shaking at 150 rpm. Total
RNA was isolated using RNeasy Total RNA kit (Qiagen Inc., Valencia,
CA, USA) from the mycelia harvested at 0, 24 and 48 h after growing
in the GMS medium and mRNA was purified subsequently using the
PolyATract mRNA isolation system (Promega Corp., Madison, WI,
USA). First strand ¢cDNA was synthesized by Advantage RT-for-PCR
kit (Clontech, Palo Alto, CA, USA) and used as the template in RT-
PCR. The templates used in lane 1, genomic DNA; lane 2, RNAs puri-
fied from mycelia grown in PMS medium for 48 h; lane 3, RNAs puri-
fied from mycelia grown in GMS medium for 24 h; lane 4, RNAs puri-
fied from mycelia grown in GMS medium for 48 h. RT-PCR was
performed by denaturing at 94°C for 15 s, annealing at 56°C for 30 s,
extension at 72°C for 2 min, 30 cycles with a final extension at 72°C for
5 min. PCR products were separated in 2% agarose gel under 80 V for
90 min.

ing the transport of various hexoses, such as glucose or
galactose. A gene, hxtl, potentially encoding a hexose
transporter, was previously cloned (GenBank accession
number AF010145). Sequence comparison of hxtA cloned
in this study and %xt¢/ cloned earlier failed to identify sig-
nificant homology at the DNA level. However, the homol-
ogy at the amino acid level demonstrated 23% identity and
41% positive. Both Axt4 and hxtl gene products contain
12 membrane spanning segments, a typical feature for all
of the hexose transporters. The chromosome location of
the hxtl gene and its association with other genes is not
clear.

The hxtA gene is expressed concurrently with the aflatox-
in pathway genes. The expression of the four cloned genes
(hxtA, sugR, glcA and nadA) in aflatoxin-conducive (GMS
for glucose mineral salt, [5]) and non-conducive (PMS for
peptone mineral salt, [5S]) media was studied by reverse
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transcription (RT)-PCR experiments. The hxtA gene was
demonstrated to be expressed in GMS but not PMS media
(Fig. 3A). This result was confirmed by Northern blot
analysis (data not shown). Preliminary results by RT-
PCR experiments demonstrated that the sugR, gicA and
nadA genes were expressed in both GMS and PMS media
(i.e. constitutively expressed, data not shown). RT-PCR
using primers internal to the /sxtA coding sequence re-
sulted in a 1.60 kb fragment from poly-A mRNA isolated
from 24 h and 48 h mycelia grown in GMS medium (Fig.
3A, lanes 3 and 4), but not from mycelia grown on non-
aflatoxin-conducive PMS medium (Fig. 3A, lane 2). This
gene expression pattern is consistent with that of the afla-
toxin pathway cluster genes such as omtA (Fig. 3B). Using
the constitutively expressed (independent of sugar source)
nmtl gene as a positive control, a 1.08 kb RT-PCR prod-
uct was amplified from both GMS and PMS media (Fig.
30).

The sugR gene encodes a regulatory protein containing a
typical zinc-finger motif. The sugR gene coding sequence
consists of 1476 nucleotides and is capable of encoding a
protein of 491 amino acids with a calculated molecular
mass of 54.9 kDa. There is only one intervening sequence
of 46 bp located close to the 3" end of the sugR coding
region (sequence not shown, AF168613). Blast search for
possible homologies in the GenBank database showed that
sugR gene product in the region from amino acid residue
233 to 425 has significant homologies to the sugar regu-
latory proteins in other organisms: its amino acid se-
quence showed 25% identity and 47% similarity to that
of CASUCI in C. albicans [14]; 30% identity and 47%
similarity to the protein encoded by amyR in A. oryzae.
More importantly, the most common feature among sugar
regulatory proteins is the presence of the typical C6
zinc-finger motif close to the N-terminal end for DNA
binding (Fig. 4). The spaces between Cys-4 and Cys-5
consist of five amino acids for the sugar cluster gene
activators (CX,CXcCX;5CX,CX6C) as compared to the
six amino acids found in aflatoxin pathway regulator
protein AFLR (encoded by aflR) and GAL4-type
(CXLCXsCXsCX,CXC) transcription regulating pro-
teins.

The glcA gene encodes a glucosidase. The coding se-
quence of the glcA gene consists of 1707 nucleotides and

consensus: Position CxxCxxxKxRCxxxxP-CxxCxxxxxxC

sugR (A.p.): (7-33) MVRRRACDGCSLRKTRCSGGOQOQP-COPCAQSGFECSYLEKPARAK
CASUC1 (C.a.): (13-39) AAPYTRPCDSCSFRKVKCDMEKTP-CSRCVILNNILIKCTNNRTIREKEK
MAL63 (S.c.): (8-34) MGIAKQSCDCCRVRRVRCDRNEKP-CNRCTORNTINCTYLOQPLIE KTEK
amyR (A.o.): (28-54) EXPPKQACDNCRRRKTIKCSRETLP-CDEKCORILILILSCSYSDVLRR
aflR (A.p.): (29-56) ARKLRDSCTSCASSKVRCTEKEEKPACARCIFERGLACQYMVSKRM
GAL4 (S.c.): (11-38) LS SIEQACDICRILEKEKTILEKCSKEEKPKCAKCTLEKNNWECRYSPEKTIK KR

Fig. 4. The comparisons of the C6 zinc-finger motifs of the sugar regulatory gene (sugR) and those from other organisms. Comparisons of the C6 zinc-
finger proteins involved in the sugar utilization gene activation from A. parasiticus (sugR, AF168613), C. albicans (CASUCI, S75352), S. cerevisiae
(MAL63, M36537), A. oryzae (amyR, AB012945) are shown. The aflatoxin pathway gene regulator (aflR, L22177) and galactose gene activator (GAL4,
accession number Z73604) are also included for comparison. The zinc-finger motifs are underlined and the six cysteine residues are printed in bold face

letters. The position of the zinc-finger from translation start site are labeled.
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is capable of encoding 568 amino acids with a protein
molecular mass of 64.9 kDa. There are three intervening
sequences of 76 bp, 58 bp and 49 bp, respectively (se-
quence not shown, AF168613). Search for possible homol-
ogies in the GenBank database showed that glcA gene
product has significant homologies (40-50% identity and
60-65% positive at amino acid level) to other glucosidase
proteins such as o-1,6-glucosidase, a-1,4-glucosidase/mal-
tase, sucrose-isomaltase in yeast and Bacillus species. The
glucosidase is an enzyme that is responsible for the release
of glucose from starch or oligosaccharides.

The nadA gene encodes a NADH oxidase. This gene
showed significant amino acid sequence homology to
NADH oxidase in C. elegans (40% at the amino acid lev-
el), Bacillus subtilis and other organisms. The coding se-
quence of the nadA gene consists of 1335 nucleotides and
is capable of encoding 444 amino acids with a protein
molecular mass of 48.5 kDa. There is a single intron se-
quence of 61 bp (sequence not shown, AF168613). The
Blast search in the GenBank database showed that the
nadA gene product has significant homology (30-45%
identity and 50-56% positive at the amino acid level) to
other NADH oxidases.

After hydrolysis of glycogen or starch to glucose, in
glycolysis, one molecule of C6 glucose is further broken
down into pyruvate. NAD" and NADH are required for
internal coupling in glycolysis under anaerobic conditions,
or the tricarboxylic acid cycle under aerobic conditions.
NADH oxidase is probably involved in re-oxidation of
NADH to NADT for the constant replenishment of
NAD*. The NADH might be generated by dehydrogen-
ases but also by other enzymes or pathways.
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